Anti-angiogenic and vascular disrupting therapies rely on the dependence of tumors on new blood vessels to sustain tumor growth. We previously reported a potent vascular disrupting agent, a theranostic nanosystem consisting of a tumor vasculature-homing peptide (CGKRK) fused to a pro-apoptotic peptide [ D (KLAKLAK) 2 ] coated on iron oxide nanoparticles. This nanosystem showed promising therapeutic efficacy in glioblastoma (GBM) and breast cancer models. However, complete control of the tumors was not achieved, and some tumors became non-responsive to the treatment. Here we examined the non-responder phenomenon in an aggressive MCF10-CA1a breast tumor model. In the treatment-resistant tumors we noted the emergence of CD31-negative patent neovessels and a concomitant loss of tumor homing of the nanosystem. In vivo phage library screening in mice bearing non-responder tumors showed that compared to untreated and treatment-sensitive tumors, treatment sensitive tumors yield a distinct landscape of vascular homing peptides characterized by over-representation of peptides that target αv integrins. Our approach may be generally applicable to the development of targeted therapies for tumors that have failed treatment.
Introduction
All vertebrate tissues depend on blood circulation, and that includes tumors, which require angiogenesis as an essential step in tumor initiation and progression [1, 2] . In the past decades, several therapies have been developed that specifically block tumor angiogenesis [3] [4] [5] [6] . Some of the anti-angiogenic drugs have already been approved for the treatment of solid tumors, such as breast cancer [7] [8] [9] . The blood vessel-directed therapies can act synergistically with conventional chemotherapies and tend to have non-overlapping toxicities. However, like all anticancer therapies, anti-angiogenic agents and vascular disrupting agents (VDAs) trigger compensatory changes that undermine the efficacy. For example, current anti-angiogenic and VDA therapies preferentially eliminate immature tumor blood vessels, leaving mature vessels intact and even improving their function [10] [11] [12] . Some of the molecular markers that distinguish tumor vessels from normal vessels disappear as a result of the therapy, making it difficult to target the remaining vessels for destruction [13] . However, development of affinity probes to target tumors that have failed treatment and become resistant has received little attention.
Recently we reported a novel tumor vessel-disrupting nanosystem consisting of three elements: (i) a tumor-homing 5-amino acid peptide (CGKRK) that specifically delivers its payload to the mitochondria of tumor endothelial cells and tumor cells, (ii) a pro-apoptotic peptide [ D (KLAKLAK) 2 ] that disrupts mitochondria, and (iii) multivalent presentation of the peptides on iron oxide nanoparticles, which greatly enhances the activities of the peptides [14, 15] . The nanoparticles, dubbed nanoworms (NWs) because of their elongated shape [14] , showed therapeutic efficacy against lentiviral-induced glioblastoma models and a MCF10-CA1 breast cancer model [15, 16] . Nearly complete control was achieved in one glioblastoma model, but in a more aggressive glioma and in the breast cancer model, some tumors escaped the control and become resistant to the therapy.
In vivo phage display of peptides is used to discover for agnostic discovery of homing peptides specific for different pathologies including tumors, atherosclerotic plaques, wounds, and severe brain injuries [17] [18] [19] [20] [21] .
Here, we compare the vasculature of MCF10-CA1a breast cancers that are either sensitive or resistant to the nanosystem. We then use in vivo phage display to identify peptides that selectively recognize the vasculature of the treatment-resistant tumors.
Results

Development of therapeutic resistance in breast tumors treated with CGKRK-D [KLAKLAK] 2 -NWs
The CGKRK-D [KLAKLAK] 2 -NW-based nanosystem used in this study, and the treatment schedule are schematically depicted in Fig. 1A and B. As has been reported [15, 16] , the nanosystem therapy resulted in significant overall reduction of tumor volume compared to control-treated mice. The treated mice appeared to fall into two categories, one with very small tumors (and occasional cures), termed the responders, and another with large tumors, the non-responders (Fig. 1C) . The tumor volume in these sub-groups correlated with tumor cell proliferation and apoptosis; the responder group showed significantly reduced cell proliferation as measured by Ki67 staining (Fig. 1D) , whereas the non-responder group was similar to the PBS-treated group. Conversely, the responder tumors displayed more TUNEL staining than the PBS and non-responder groups (Fig. 1E ). This dichotomy in the tumor responses suggested that comparison of the two groups may provide clues to designing strategies that overcome the treatment resistance.
Vascular changes in therapy-resistant tumors
The nanosystem therapy used here was designed to target and disrupt the tumor vasculature based on the homing properties of the CGKRK peptide. Analysis of the vascular changes after completion of the treatment showed a striking 75% reduction of blood vessels detectable with CD31 staining in the responder tumors relative to the PBS control group (Fig. 2A) . The non-responder vascular density was intermediate, and the vessels appeared larger than in the other groups. Perfusion with labeled tomato lectin to map patent vascular structures revealed a different picture. In the PBS-treated and responder groups, most of the CD31 + vessels were also positive for lectin staining (Fig. 2B ). In contrast, over 20% of the non-responder vessels were positive for the lectin, but not for CD31 (Fig. 2B, bar graph) . In agreement with the lectin results, ultrasound analysis of the non-responding tumors revealed efficient tumor circulation in the non-responder tumors (Fig. 2C) .
The presence of lectin-positive, CD31-negative vessels in the nonresponder tumors suggested the presence of an alternative circulatory system not based on endothelially-lined blood vessels of mouse origin. We next stained the sections with an anti-human CD31 antibody to examine the possibility that the alternative circulation was derived from the human tumor cells through trans-differentiation into endothelial cells. Such trans-differentiation has been observed in other tumor types [22] , including glioblastomas [23, 24] . We observed no staining for human CD31 (not shown), but some of the lectin-positive vessels in non-responder tumors stained with human-specific anti- CD105, a marker for immature blood vessels (Suppl. Fig. 1 ). This finding suggests that a subset of the alternative vessels in the non-responder tumors originate from the human tumor cells. Homing studies with CGKRK-D [KLAKLAK] 2 -NWs at the completion of the treatment revealed a significant decrease in NW accumulation in the non-responder tumors (Fig. 2D ). The reduced NW homing did not seem to be due to lower receptor expression because the main receptor for the CGKRK peptide, p32, was expressed at similar levels in the vessels and tumor cells of the two types of tumors (Suppl. Fig. 2 ). These results show that even the non-responder vessels that do stain positive for mouse CD31 are altered, as they could not be targeted by the nanosystem.
Phage screening using treated tumors
To probe vascular changes after the NW treatment, and to identify peptides that recognize the altered vessels in the resistant tumors, we screened phage-displayed peptide libraries in mice bearing treated tumors ( Fig. 3A) . High-throughput sequencing of the peptide-encoding segment in the genomes of the recovered phages revealed a strikingly high frequency of the integrin-binding RGD motif among the most commonly represented peptide sequences from non-responder tumors (20 of the 200 most abundant peptide sequences contained the RGD motif). In contrast, the responder tumor pool yielded a single RGD peptide among the top 200. The top 20 motifs from each tumor type are listed in Fig. 3B .
Peptides containing an RGD motif are widely used for tumor targeting [25] . Our phage screening results suggest that a RGD peptide could restore effective tumor targeting for tumors that have become resistant to a CGKRK-targeted vascular disrupting treatment. Indeed, two RGD peptides (a cyclic and a linear peptide) effectively directed NWs to both CD31 +/lectin + and CD31 −/lectin + vascular structures in non-responder tumors (Fig. 4) . Tumor-bearing mice were treated with the nanosystem for three weeks, and at the end of the treatment, FAM-labeled peptide-NWs were intravenously injected (5 mg iron/ kg) and allowed to circulate for 5 h. The mice were perfused through the heart with PBS, and tumors and organs were collected and processed for fluorescence microscopy. Tumor sections were stained with anti-CD31 and examined by confocal microscopy. NWs, green; blood vessels (CD31), red; DAPI-stained nuclei, blue. (Scale bars, 100 μm). Bar diagram, quantification of NW accumulation in tumors. Slides were scanned using Scanscope. NW fluorescence in 10 random areas of each tumor section (n = 3/group) was quantified using ImageJ software. (****P < 0.0001, paired t-test, n = 3 mice per group, error bars = mean ± SD). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Integrin immunochemistry and microarray analysis
Given the abundance of RGD-containing phage peptides recovered from non-responder tumors and the strong homing of RGD functionalized nanoparticles to these tumors, we analyzed expression of the main target of RGD peptides, integrin, αvβ3, in the treated tumors. A robust expression of β3 integrin subunit in non-responder tumors was apparent, whereas the signal was much lower in responder tumors (Fig. 5) . The PBS group also showed β3 staining, although the staining was weaker and its pattern different from the non-responders.
In agreement with the immunostaining data, microarrray analysis revealed elevated expression of β3 mRNA in the non-responder tumors, and the mRNA for another αv-associated integrin β subunit, β6, was also elevated (Table S1 ). Significantly, a number of other angiogenesisassociated genes (FGF2, stefin A, CD300, Igfbp2, Pim1, Cxcl10, MMP13 and ITGB3) were also highly expressed in these tumors. We also noted another factor potentially involved in the formation of the non-responder neovasculature, high expression of a set of genes involved in stemness and epithelial-to-mesenchymal transition. These genes included putative tumor-stemness marker CDH2 (N-cadherin), SNAI2, and Zinc-finger transcription factors, p63 and ITGA6 (CD49f). These results suggest that that significant biological information of potential importance to therapy can be gleaned from the analysis of the vasculature of tumors that have become resistant to a treatment.
Discussion
In the current study we explored the changes in the breast tumor vasculature that are associated with the emergence of resistance to a vascular disrupting treatment. We observed an abundant and efficient vasculature in the treatment resistant tumors that was partially composed of tumor cell-derived vessels. We also identified a highly expressed marker in these vessels that allows effective recognition of vessels in the non-responder tumors.
The vascular disrupting nanosystem we have developed is remarkably effective in glioblastoma and breast cancer models [15] [16] , even eradicating some of the tumors. However, some tumors grow nearly as fast as the controls. This dichotomy in the response provided a model for the study of the molecular and cellular basis of the resistance to the therapy.
The CGKRK peptide, which is the homing device in the nanosystem is capable of binding to tumor vessels and tumor cells [17] , but unless combined with a tumor-penetrating peptide [15] , this peptide primarily takes its payload only to tumor vessels [16] . That treatment with the CGKRK-guided therapeutic nanosystem targets blood vessels was apparent from the greatly reduced number of vessels in the tumors that responded to the treatment. Another indication to that effect was the altered vasculature of the non-responder tumors.
The most striking change in the non-responder vessels was the emergence of blood vessels that appeared to be of human origin. The non-responder vessels also appeared generally immature in that they not stain for mouse or human CD31, but about 20% of the vessels expressed a marker of immature blood vessels, CD105. The CD105 staining was with an antibody that recognizes human, but not mouse CD105, suggesting tumor cell origin of the vessels. Despite their immaturity and apparent origin by trans-differentiation from the human tumor cells, these vessels were functional as evidenced by lectin perfusion. Trans-differentiation of human tumor cells into cells capable of forming functional blood vessels has been demonstrated in melanoma [22] and glioblastoma [23, 24] . These studies used tumors that were not subjected to any treatment. Our results indicate that breast cancer cells can also possess this capacity to trans-differentiate, although it may require a tumor vessel-directed therapy to manifest itself.
Another important change we observed in the non-responder vessels was that they could no longer be targeted with the CGKRK nanosystem. This was despite the fact that overexpression of p32, a putative receptor for CGKRK, was maintained in these tumors after the treatment. Possible reasons for this discrepancy include selective loss of cell surface p32 in tumor endothelial cells. Alternatively, endothelial cells could have lost their ability to internalize the peptide (and its payload) through p32 binding.
Phage screening identified peptides containing the integrin binding RGD motif as potentially effective targeting elements for tumors that have developed a vasculature resistant to CGKRK targeting. RGD peptides are among the most commonly used ligands for synaphic tumor targeting [18] . Their target receptors, the αv integrins (primarily αvβ3 and αvβ5), and α5β1 integrin, are strongly expressed in blood vessels undergoing angiogenesis, such as tumor vessels [26, 27] , but not in normal vessels. Tumor cells also commonly express these integrins. In agreement with the prevalence of RGD peptides in the non-responder phage screen, the β3 integrin was particularly highly expressed in the vasculature of these tumors. Thus, targeted treatment systems suitable for complementing CGKRK targeting are already available. Also, using both CGKRK and RGD targeting at the same time might prevent the development of resistance to either therapy in analogy with other combination therapies for cancer [28, 29] . A number of clinical and pre- clinical studies have shown role of integrins in driving a stem phenotype, drug resistance, and metastasis [30] [31] [32] . Damiano et al., showed that cell adhesion-mediated drug resistance, a pro-survival and antiapoptotic program, is dictated by integrins/ECM interactions [33] . Furthermore, αvβ3 integrin expression has been reported on a subpopulation of breast cancer stem cells and its expression has been associated with poor outcome and high incidence of metastasis in a variety of epithelial cancers [34] [35] [36] .
Our results also provide information on the mechanisms underlying the development of resistance to a vascular disrupting agent. In addition to being a marker of blood vessels undergoing angiogenesis, β3 integrin has been shown to promote tumor stemness, including tumor initiation and tumor stem cell self-renewal [30] , and it is also involved in drug resistance [31] . In the non-responding tumors, β3 was mostly expressed in the blood vessel, but these tumors expressed elevated levels of other stem cell markers, such as N-cadherin, p63, and CD49f, suggesting stem cell-like properties may be important in the vascular trans-differentiation.
Further studies in spontaneous tumor models are needed to determine how broadly applicable this phenomena is and to determine to what extent the features we have established for the CGKRK-D [KLAKLAK] 2 -NW system are shared by other vascular disrupting agents or anti-angiogenic therapies. However, our data show that multiple pathways are at play in acquired resistance to our vascular therapy, including blunting the targeted homing of the agent, vascular trans-differentiation, and stemness. A combination therapy addressing these pathways may overcome such therapy resistance.
Materials and methods
Peptide synthesis and NW conjugates
Peptides were synthesized with a 5(6)-fluorescein carboxylate (FAM) label and amide-blocked C-terminus. An extra cysteine with a free sulfhydryl group was added to cyclic peptides for coupling purposes [37] . Linear peptides contained an N-terminal cysteine residue. The synthesis and subsequent conjugation of aminated dextran coated iron oxide NWs have been described [14] [15] [16] . For peptide coupling to NWs, aminated NWs were PEGylated with maleimide-5KPEG-NHS (JenKem Technology) and peptides were conjugated to the functionalized particles through a thioether bond between the cysteine thiol in the peptide and the maleimide on the particles.
Cell lines and tumors
The MCF10CA1a human breast tumor cell line was obtained from the Barbara Ann Karmanos Cancer Institute (Detroit, MI). Cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum, 1% Glutamine-Pen-Strep and 100 ng/ml (Sigma-Aldrich, St. Louis, MI). The cell line was validated at the DNA facility of this institute.
To produce orthotopic MCF10CA1a tumors, BALB/c nude mice were injected into the mammary fat pad with 2 × 10 6 cells suspended in 100 μl of PBS. Animal experimentation was performed according to procedures approved by the Sanford Burnham Prebys IACUC.
Tumor treatment and peptide-NW homing
Tumor treatment was started when the tumors were about 50-60 mm 3 in diameter. The tumor-bearing mice were intravenously injected with peptide-coated NWs at a dose of 7.5 mg /kg in 100 μl of PBS on alternate days for three weeks. A control group was similarly injected with 100 μl of PBS. To test homing of peptide-conjugated NWs in treated mice, NWs were injected into the tail vein (7.5 mg of iron/kg of body weight in 100 μl of PBS). After 5-6 h of NW circulation the mice were euthanized by cardiac perfusion with PBS under anesthesia, and tumors and organs were dissected and analyzed for NW homing.
Histological and immunostaining of tumors
Tissues were fixed in 4% paraformaldehyde overnight at 4°C, cryoprotected in 30% sucrose overnight, and frozen in optimum cutting temperature embedding medium. Tissue sections (7 μm) were cut and stained with hematoxylin and eosin or processed for immunostaining. The sections were first incubated for 1 h at room temperature with 10% serum from the species in which the secondary antibody was generated, followed by incubation with the primary antibody. Monoclonal anti-rat CD31 (BD Pharmingen, San Jose, CA) was detected with Alexa 594 goat anti-rat secondary antibody (Molecular Probes, Eugene, OR). Rabbit antibodies against human and mouse p32 [38] , anti-human CD105 (Abcam Antibodies), anti-mouse CD105 (Abcam Antibodies), rabbit antibodies against human and mouse integrin β3 (Abcam Antibodies), Anti-mouse PDGRR-β (Abcam Antibodies) were detected with Alexa 594 goat anti-rabbit secondary antibody (Molecular Probes). Each staining experiment included sections stained with the secondary antibody only as a negative control. Nuclei were stained with DAPI (4,6-diamidino-2-phenylindole; 5 μg/ml; Molecular Probes). The sections were mounted in gel/mount mounting medium (Biomeda) and viewed under a LSM 710 NLO Multiphoton Laser Point Scanning Confocal Microscope (Zeiss). For quantification of staining and peptide-NW accumulation in tumors, stained slides were scanned using Scanscope. 10 random areas of each tumor section (n = 3/group) was quantified using ImageJ software.
Immunoperoxidase staining with anti Ki67 was performed using DAB (MP Biomedicals) reaction, and the sections were counterstained with hematoxylin (Sigma Aldrich). Species specificity of antibodies, when relevant, was tested by staining mouse and human tissues with the antibody.
Click-iT TUNEL 647 Alexa Fluor imaging assay (Invitrogen) was carried out according to the manufacturer's instructions. Nuclei were counterstained with DAPI. The sections were mounted in Gel/Mount mounting medium (Biomeda, Foster City, CA) and viewed under a Fluoview 500 confocal microscope (Olympus America, Center Valley, PA).
Contrast-enhanced ultrasound (CEUS) and lectin perfusion
DEFINITY contrast agent (Lantheus Medical Imaging; 5 μl in 45 μl of saline) was injected into the tail vein of mice with a 28-gauge insulin syringe. A Philips iU22 ultrasound system with an L12-5 transducer was used for imaging with a low-mechanical-index, contrast-specific imaging mode (power-modulation mode). The imaging parameters were set as follows (and kept identical throughout the study): depth 2 cm, focus zone 2 cm, mechanical index 0.06, 5 frames per second. A 2-minute cine loop was saved for time-intensity curve analysis with Philips QLab. Contrast-enhanced ultrasound (CEUS) was performed after three weeks of treatment with the nanosystem or PBS. The tumor rim and center and the surrounding tissue were examined separately to quantify the efficiency of tumor circulation. Image analysis was performed with Photoshop with a threshold method in which the pixels with enhancement and those without were counted (the threshold was set arbitrarily, because there was no fixed number). The percentage area with enhancement was equal to the pixel number of the enhanced area divided by the pixel number of the entire tumor × 100.
Mice were perfused with Lycopersicon esculentum agglutinin (LEA, tomato lectin; Vector Labs, Burlingame, CA) to label tumor vasculature. A bolus of 100 μg of tomato lectin in 100 μl volume injected intravenously, followed by 5 min of circulation, after which the mouse was perfused through the left ventricle of the heart with 10 ml PBS, followed by 20 ml PBS 4% paraformaldehyde.
Following the perfusion fixation, tissues were collected and placed into 4% paraformaldehyde for overnight fixation at 4°C. The following day, the tissues were transferred to a solution of 30% sucrose in PBS for cryoprotection and embedded in optimum cutting temperature embedding medium. Tissue sections (7 μm) were cut and processed for immunostaining.
Phage screening
The first step of the phage screening was an ex vivo enrichment by incubating 10 10 pfu of a CX7C naïve phage library with tumor cell suspension made from 50 mg of tumor tissue. The tumor cell suspension was prepared from non-responder tumors excised from mice treated with the nanosystem for three weeks. The tumors were cut with a razor blade into small pieces and cell suspensions were generated in Medimachine (BD Biosciences). The cells were incubated with phage overnight at 4°C, followed by 3 washes with 15 ml of DMEM containing 1% bovine serum albumin (DMEM-BSA) in a 50 ml Falcon tube. The cells were pelleted by centrifugation at 400g for 5 min. After the last wash, the cell pellet was lysed in 1 ml LB containing 1% Nonidet P-40 (LB-NP40), and the phage titrated [39] . The phage pool recovered from the cell suspension was amplified in E. coli, and 4 × 10 9 pfu were injected intravenously in mice with responding and non-responding tumors. The phages were allowed to circulate for 30 min, after which the mice were anaesthetized with 2.5% avertin and perfused with PBS through the heart. Tumors were excised and homogenized in 1 ml LB-NP40 using a handheld homogenizer with disposable plastic hard-tissue probes (Omni International Inc.). The phage pool was titrated, amplified, and peptide-encoding portion of the phage genome was sequenced using Ion Torrent high-throughput sequencing. The in vivo round was repeated once by injected the phage pool from the first round into tumor bearing mice and repeating the steps outlined above.
RNA isolation and microarray analysis
To isolate RNA from tumors, previously snap frozen tissues were homogenized in TRIzol® reagent (Ambion®). Total RNA was extracted from the tumors using an RNeasy Mini Kit (Qiagen, Valencia, CA). Labeled cRNA was prepared from 500 ng RNA using the Illumina® RNA Amplification Kit from Ambion (Invitrogen, CA, USA). The labeled cRNA (1500 ng for mouse and 750 for human) was hybridized overnight at 58°C to the Sentrix MouseWG-6 Expression BeadChip or humanHT-12 (> 46,000 gene transcripts; Illumina, San Diego, CA, USA) according to the manufacturer's instructions. BeadChips were subsequently washed and developed with fluorolink streptavidin-Cy3 (GE Healthcare). BeadChips were scanned with an Illumina BeadArray Reader.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.jconrel.2017.10.006.
